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Abstract

The elderly demographic is the fastest-growing segment of the world’s population and is projected to exceed 1.5 billion
people by 2050. With multimorbidity, polypharmacy, susceptibility to drug—drug interactions, and frailty as distinct risk fac-
tors, elderly patients are especially vulnerable to developing potentially life-threatening safety events such as serious forms
of drug-induced liver injury (DILI). It has been a longstanding shortcoming that elderly individuals are often a vulnerable
population underrepresented in clinical trials. As such, an improved understanding of DILI in the elderly is a high-priority,
unmet need. This challenge is underscored by recent documents put forward by the U.S. Food and Drug Administration (FDA)
and European Medicines Agency (EMA) that encourage data collection in the elderly and recommend improved practices that
will facilitate a more inclusive approach. To establish what is already known about DILI in the elderly and pinpoint key gaps
of knowledge in this arena, a working definition of “elderly” is required that accounts for both chronologic and biologic ages
and varying states of frailty. In addition, it is critical to characterize the biological role of aging on liver function, as well as
the different epidemiological factors such as polypharmacy and inappropriate prescribing that are common practices. While
data may not show that elderly people are more susceptible to DILI, DILI due to specific drugs might be more common in
this population. Improved characterization of DILI in the elderly may enhance diagnostic and prognostic capabilities and
improve the way in which liver safety is monitored during clinical trials. This summary of the published literature provides
a framework to understand and evaluate the risk of DILI in the elderly. Consensus statements and recommendations can
help to optimize medical care and catalyze collaborations between academic clinicians, drug manufacturers, and regulatory
scientists to enable the generation of high-quality research data relevant to the elderly population.
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According to World Population Prospects 2022 issued by

Elderly individuals make up the fastest-growing demo- the United Nations, 1 in every 6 people will be older than
graphic of the global population. 65 years of age by 2050, up from 1 in 11 in 2019. This
Because elderly individuals are often excluded from is the fastest-growing segment of the population and the
clinical trials, safety data, including data on the risk of number of people older than 65 years is projected to be
drug-induced liver injury, is a critical unmet need. greater than 1.5 billion people by 2050. A consequence

of this demographic shift is an increase in prevalence of
chronic illness on a global scale. It comes as no surprise
that the median number of prescriptions and the use of
herbal and over-the-counter medications are also on the
rise in adults aged 65 and older [1].

Traditionally, elderly populations (the definition of
‘elderly’ is described below) are underrepresented in
clinical trials of pharmaceutical and biological agents.
Most trials employ arbitrary upper age limits as enroll-
ment criteria. Exclusions of defined comorbidity, and

These consensus statements and recommendations were
developed by the 1Q-DILI Initiative to highlight what is
currently known, and to outline key knowledge gaps to
inform and promote new collaborations among academic
clinicians, drug manufacturers, and regulatory scientists.

Extended author information available on the last page of the article
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usage of certain concomitant medication, can contribute
to the poor representation of elderly patients. As a result,
drug-related safety data specific to this population cohort
are often limited. Relying solely on post-marketing safety
data pertinent to the elderly typically suffers from incon-
sistent reporting, the frequent absence of complete sets of
diagnostic information, and consequently, an inadequacy
of interpretation.

As aresult, drug safety, as it pertains to elderly popula-
tions, is poorly developed. For potentially life-threatening
safety events such as DILI, understanding risk is an unmet
need as well as a high priority to achieve optimal risk
assessment and management of the elderly both during
drug development and in clinical practice. This summary
of the literature creates a framework to evaluate the risk of
DILI in the elderly and has the dual objectives of (a) high-
lighting our current state of knowledge and (b) outlining
key knowledge gaps to inform and promote new collabora-
tions among academic clinicians, drug manufacturers, and
regulatory scientists. Our current appraisal of this field
underlies the consensus statements and recommendations
that are presented throughout the manuscript.

The IQ drug-induced liver injury (DILI) Initiative was
launched in June 2016 under the auspices of the Inter-
national Consortium for Innovation and Quality in Phar-
maceutical Development (also known as the 1Q Consor-
tium) to reach consensus and propose best practices on
issues surrounding DILI. The IQ Consortium is a lead-
ing science-focused, not-for-profit organization address-
ing scientific and technical aspects of drug development
and is composed of 46 pharmaceutical and biotechnology
companies. The IQ-DILI Initiative is an affiliate of the
1Q Consortium, composed of 19 IQ member companies,
focused on establishing best practices for monitoring,
diagnosing, managing, and preventing DILI. This publi-
cation is based on an extensive literature review and the
consensus achieved in structured discussions between 1Q-
DILI members and academic and regulatory experts in a
public—private partnership. It explores recent advances and
identifies gaps in our present-day understanding of DILI
in the elderly, a fast-growing and vulnerable population.
The consensus statements and recommendations provided
below are based on currently available data and informed
assessments by the authors and do not imply a regulatory
mandate.

2 Literature Search and Consensus Working
Group
The I1Q-DILI’s Elderly Working Group conducted a review

of published academic literature dedicated to a series of
topics associated with DILI in the elderly. The following
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databases were searched through March 2022: BIOSIS
Previews®, Derwent Drug File, Embase®, International
Pharmaceutical Abstracts, MEDLINE®, and SciSearch® (a
Cited Reference Science Database). Articles focused on the
following concepts were targeted: chronological age, bio-
logical age, and frailty in the elderly; age-related changes
in the structure, physiology, and pathophysiology of the
liver in elderly; and liver diseases and DILI in older adults.
Additionally, we reviewed practice guidelines related to the
elderly (not necessarily related to the DILI concept). Such
broadly framed information was extrapolated to the concept
of DILI; this aspect of the literature review was selective
and did not reflect a comprehensive search of all published
general practice guidelines. The consensus statements and
recommendations below were established through structured
discussions of the working group. They represent expert
opinions of the authors, aided by the review of pertinent
literature and practice guidelines.

3 Areas of Research
3.1 Definition of ‘elderly’

There is no universally accepted medical definition of
“elderly,” although individuals aged 65 years and older are
generally considered as elderly. The line between middle
age and elderly, and the strata within elderly, are becoming
increasingly blurred [2].

While there is no clear medical or biological evidence to
support a universal age that marks the beginning of old age,
many researchers and clinicians utilize age 65 years or older
to define the ‘elderly.” Because there is a widespread recog-
nition that many individuals live robust lives well beyond
age 65, more granular stratifications have been proposed.
Persons between 65 and 74 years have been described as
‘early elderly’ and those over 75 years as ‘late elderly’ [2, 3],
and more recently, divisions of youngest-old (65-74 years),
middle-old (75-84 years) and oldest-old (> 85 years) have
been suggested [4].

3.2 Chronological age

There is significant heterogeneity in the health status and
outcomes of older individuals when analyzed using only
chronological age. Some studies suggest that chronologi-
cal age is a poor marker of the health impact of aging for a
surprisingly large number of older people today, given that
different people at the same age experience vastly different
adverse health outcomes. As such, for a large proportion of
older people, chronological age alone is not a strong predic-
tor of these outcomes [5].
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Nonetheless, chronological age is an independent risk
factor for cognitive decline [6]. Impaired memory or dif-
ficulty reading, for example, may pose a risk for inadvertent
overdose or drug—drug interactions (DDI) with polyphar-
macy. It may be that such variables associated with chrono-
logical aging directly increase the risk for DILI, rather than
the chronological age itself.

Nevertheless, organs such as the kidney can be physi-
ologically impacted by chronological age, as a physiological
decline in renal function over time generally occurs, even in
healthy aging subjects. Reductions in glomerular capillary
flow rate and glomerular capillary ultrafiltration coefficient
contribute to age-associated decreases in the glomerular fil-
tration rate (GFR) [7]. Reduced GFR and renal clearance
can influence the half-lives of many drugs, alter their phar-
macokinetic profiles, and change hepatic exposure patterns
to a parent drug and its metabolites.

Parameters of liver function as well as susceptibility of
the liver to injury may also be impacted by chronologi-
cal age. Decreased hepatic mass, blood flow and synthetic
activity have been demonstrated, but their impact on drug
metabolism and risk of DILI is not well understood [8]. In
addition, aging leads to a decrease in liver cell regenerative
responses to a damaging event, which significantly delays
restoration of liver function after injury. Moreover, age-
related changes in the liver seem to affect cellular repair
responses to liver injury, increasing vulnerability for serious
outcomes in the elderly population [8].

Finally, there are recognized changes in body composi-
tion that are associated with chronological age, including a
decrease of muscle mass and an increase of fat mass; these
changes may alter both the volumes of distribution and the
half-lives of many drugs. As a result, both drug exposure-
related thresholds of liver toxicity and health outcomes may
be impacted by aging in the elderly [9].

3.3 Biological age

The physiological decline associated with aging affects cells,
tissues, and organs of the body in many ways. It has proven
difficult to identify biological measures that accurately strat-
ify individuals of the same chronological age into different
biological ages. Further research is required to understand
the relationship between these biological biomarkers and
DILI. Table 1 highlights some of the biological age biomark-
ers that are being studied and their outcome predictions.

The potential value of biological determinants of age is
appealing and may be especially useful as modifying pre-
dictors of chronological age. Composite biomarker panels
in combination with a clinical assessment may improve our
understanding of biological age in older adults and risk of
DILI.

3.4 Frailty and Frailty Indices

Frailty can be defined as a multidimensional condition that
makes a patient, when exposed to a stressor, vulnerable to
adverse health outcomes including disability, hospitaliza-
tions, institutionalization, and death [12]. It results from
aggregate declines in multiple molecular, cellular, and
physiologic systems [13]. Frailty is a dynamic state that
may impact reliability to predict outcomes in an elderly
individual. It can be present with or without concomitant
comorbidity, blurring the line between aging and illness.
Frailty, when analyzed as a syndrome, is sometimes con-
sidered to be a functional equivalent of the ‘elderly state.’
This may consist of (1) a physical component, such as
weakness and gait instability, which predispose individu-
als to accidental falls, injuries, and increased use of analge-
sics, and (2) a nutritional deficiency component, including
hypoalbuminemia due to malnutrition, which alters the free
fraction of drugs, and the relative immunocompromised

Table 1 List of biological age determined biomarkers under research and outcomes that have been measured [10, 11].

Biological biomarkers

Outcome prediction markers

Cytokines and circulatory markers of inflammation: IL-6, TNF-a, CRP
Network analysis of inflammatory markers

Products of glucose metabolism (HbAlc, plasma glucose)
Adipokines

Thyroid hormones

Vitamin D (bioavailable)

NT-proBNP troponin

DNA/chromosomal damage

Telomere length

DNA methylation and repair

microRNAs

Mortality, grip strength

Mortality

Mortality, cardiovascular disease

Mortality, frailty

Mortality/morbidity

Mortality/multimorbidity, cognitive impairment
Mortality/multimorbidity, cognitive impairment
Aging

Mortality

Cancer development and response to therapy

Aging

CRP C-reactive protein, HbA I¢ hemoglobin Alc, IL interleukin, NT-proBNP N-terminal pro-brain natriuretic peptide, TNF tumor necrosis factor
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state that occurs with aging, which in turn increases the
risk of infection and the use of anti-infectives. There are
also comorbid conditions associated with frailty such as
depression, osteoporosis, osteoarthritis, and fatigue, which
may increase use of additional classes of drugs and herbs.
Therefore, assessment of frailty in older people, along with
chronological and biological age, may be important in the
overall assessment of DILI risk and outcome.

More than 40 operational definitions of frailty and their
related tools have been proposed [14]. Four main models that
operationalize the concept of frailty include the following:

e Fried Phenotypic Model: a widely used frailty tool;
examines five domains, including muscle weakness, slow
walking speed, low physical activity levels, unintentional
weight loss, and self-reported exhaustion [15].

e Rockwood Frailty Index: a comorbidity index; defines
nine degrees of frailty from very fit to terminally ill [16].

e FRAIL questionnaire: a five-item screening scale for
frailty, including fatigue, resistance, ambulation, ill-
nesses, and loss of weight [12, 17].

e PRISMA-7: a case-finding, seven-question tool to iden-
tify older adults with moderate-to-severe disabilities
[17].

These models are not interchangeable; rather, they may
be used as complementary assessment tools of frailty. Thus
far, agreement across these instruments has been modest,
standardization is lacking, and it has been difficult for clini-
cians to choose the most appropriate tool to assess frailty
[18]. Future clinical trial designs might include one or more
frailty indices, biological biomarkers, and chronological age
strata ascertained prior to study drug treatment for use in
post hoc safety analyses. Such an approach would be explor-
atory in nature, and only validated after meta-analysis of
extensive aggregate data. DILI is a rare diagnosis and there-
fore a large data pool will be necessary to achieve this goal.

Consensus Statements and Recommendations:

— Chronological age, biological age, and frailty are all
important criteria that help to define ‘elderly.’

— While there is no chronological age threshold that inher-
ently increases an individual’s risk of DILI, it is recom-
mended to stratify the elderly into ‘early elderly’ (age
65-75) and ‘late elderly’ (age > 75).

— Biomarkers of advanced biological age have not been
validated for use in DILI prediction.

— Clinically useful frailty indices have been developed, but
their applicability to DILI prediction and outcomes in
older people has not yet been demonstrated. The predic-
tive value of frailty with and without concomitant ill-
nesses needs further investigation.
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— Future studies should aim to combine one or more addi-
tional criteria of old age (biological age and frailty) with
chronological age stratified into ‘early elderly’ (age
65-75) and ‘late elderly’ (age > 75) to optimize DILI
prediction and prognostication.

4 Effects of Aging on Liver Function and DILI
Risk

4.1 Structural and functional changes

Through animal and human research, there is growing evi-
dence that the liver undergoes both macroscopic and micro-
scopic cellular changes in the elderly. It has been recognized
that both genomic and epigenomic modifications during
aging can contribute to the dysregulation of mitochondrial
function and nutrient sensing pathways associated with
cellular senescence and low-grade inflammation. Multiple
alterations of hepatocytes, sinusoidal endothelial, stellate,
and Kupffer cells within the liver may occur that can result
in disturbances of hepatic physiology. Nevertheless, labora-
tory tests of liver function have not been shown to decline
significantly with age [19].

Furthermore, current evidence suggests that reduced
hepatic blood flow in the elderly is a major factor underlying
the observed age-related changes in liver weight and volume
[8, 20, 21]. Macroscopically, during this process the blood
flow may decrease as much as 25-40% [22, 23].

The relative impact of these macroscopic changes on
DILI in the elderly is poorly understood. Measures of these
changes together with DILI outcomes could contribute to
establishing a multifactorial DILI risk profile. In conjunction
with these changes, the metabolism of certain compounds or
drugs may be reduced [22]. With the age-related decline in
organ volume and hepatic blood flow, the clearance of drugs
with high first-pass extraction by the liver (flow-limited)
is expected to decrease by 40-60% compared with young
individuals [24]. Of note, changes in the clearance of low
extraction drugs may be difficult to demonstrate if they are
significantly bound by serum-binding proteins [24].

Microscopic changes in the livers of elderly individuals
are manifold, though the specific metabolic and functional
consequences of these changes are not clear yet. These
changes include the following:

e Increases of brown atrophy with the accumulation of
lipofuscin (the end product of lipid degradation) [25].

e Reductions of endoplasmic reticulum in hepatocytes [22,
26].

e Increases of nuclear polyploidy and binucleation in
hepatocytes [22].
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e Increases in the volume and number of dense bodies (lys-
osomes, residual bodies) [26].

e Structural and immunohistochemical changes in the
sinusoidal endothelium and space of Disse resulting in
increased barriers to permeability [22].

e Increases of approximately 50% in endothelial thick-
ness and similar reductions in the porosity and number
of sinusoidal fenestrations, i.e., “pseudo-capillarization”
[21].

e Reductions of telomere length in hepatocytes [23].

4.2 Biochemical Changes

The liver plays a pivotal role in the metabolic regulation of
many carbohydrates, proteins, and lipids that have a wide
range of physiological functions. Notably, the synthesis and
corresponding serum levels of some of these hepatically syn-
thesized molecules may decrease with age. For example,
decreases of serum albumin from 39.7 g/L in non-elderly
subjects to 35.8 g/L in elderly subjects were consistent with
a decrease in serum levels of 0.54 g/L per decade [27, 28].
Total protein synthesis is reduced by about 50% in aging
rodent livers and this may be associated with impaired
hepatic degradation of proteins [22]. Bile flow and bile salt
formation are also reduced by about 50% [22]. Antioxidant
activity in liver tissue also appears to be reduced with age,
as there are declines in the activities of hepatic superoxide
dismutase and glutathione peroxidase, leading to a state of
increased oxidative stress [26]. In one study, a 50% age-
related reduction in DNA base excision repair activity was
observed in mouse hepatocytes [29]. In another study, sig-
nificant increases in the levels of oxidatively damaged DNA
that were identified were not due to a reduced capacity for
DNA repair, per se, but rather to an age-related increase
in DNA susceptibility or cell sensitivity to oxidative stress
[30]. As the hepatic clearance of some drugs can be reduced
by up to 30% in the elderly, it is notable that CYP-mediated
phase I reactions are more likely to be impaired than the
phase II metabolic reactions that are generally preserved in
old age [19].

Phase I reactions consist of enzymatically mediated
chemical reduction, oxidation, or hydrolysis steps that act
to convert lipophilic molecules in hepatocytes into more
polar molecules. The decline in the metabolism of substrates
through a reduction in phase I reactions in the elderly may
reflect the structural changes that occur with aging that
impede oxygen diffusion and hepatic capacity for phase I
oxidation, as well as reductions in cytochrome P450 activi-
ties. Phase II reactions are marked by the enzymatic addi-
tion of hydrophilic groups to a parent drug molecule or to a
toxic intermediate or metabolite formed in phase I reactions
to gain a further increase in drug metabolite polarity [22,
31]. As mentioned above, phase II reactions are considered

relatively unaffected by aging. However, there is emerging
high-level evidence for an age-related reduction in the phase
IT metabolism of paracetamol, valproic acid, and naproxen,
and low- to medium-Ilevel evidence for a reduction in the
phase II metabolism of temazepam and lorazepam [24, 32].
Other studies suggest that frailty, rather than chronological
age, may independently impact phase II metabolism. There
is insufficient evidence to conclude that the alterations in
phase I and phase II reactions play a major role in the devel-
opment of idiosyncratic DILI.

Due to age-related decreases in hepatic drug metabolism
and clearance, and combined with declining renal function,
there is a potential for significant pharmacokinetic changes
in advanced age. For drugs with a predominant hepatic
route of clearance (e.g., > 50% hepatic metabolism), a dose-
related risk of DILI may be observed in the elderly [33].
Therefore, dose adjustments based on changes in the hepatic
metabolism of certain drugs may be critical when prescrib-
ing some drugs in the elderly.

A study comparing drug metabolism in 226 subjects by
age found differences in the microsomal drug-metabolizing
enzyme system. Although both hepatic drug clearance and
P450 metabolism were significantly decreased in patients
> 70 years of age compared with younger subjects (p <
0.001), no differences in these activities were observed by
sex. Given the effects of age on drug metabolism, the authors
of this study suggested that the inclusion of at least three age
groups—young (< 39 years), middle-aged (50-69 years),
and elderly (> 70 years)—should be considered in pharma-
cokinetic studies of new drugs in development [31].

It still remains unclear whether increased DILI risk in
the elderly is predominantly related to a global impairment
in liver clearance of all drugs or to specific changes in the
pharmacokinetic properties of certain drugs and DDIs. Dif-
ferences in patient selection, study design, and data valida-
tion procedures have likely contributed to the variability in
measures of DILI risk associated with specific study drugs
in the elderly. In addition to DILI risk profiles driven by the
specific properties of individual drugs and the potential for
certain DDI, patient comorbidities play an important role.
For example, the presence of heart failure, passive hepatic
venous congestion, and systemic circulatory disturbances are
likely to impact the pharmacokinetic and pharmacodynamic
behavior of a hepatically cleared drug.

Thus, the comprehensive integration of structural, func-
tional, and biochemical changes in the liver associated with
aging is complex and multifaceted. Achieving adequate
knowledge in this area will require rigorous research using
modern techniques, not only in basic but also importantly in
clinical research. Future study is necessary to provide a more
complete understanding of DILI in the elderly.

Consensus Statements and Recommendations:
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— Numerous macroscopic and microscopic changes in liver
anatomy, physiology, and biochemical function occur in
the aging liver.

— Although there is some evidence that aged livers have
reduced synthetic capacity, elderly individuals defined by
chronological criteria alone cannot be assumed to have
uniformly impaired drug metabolism or be at increased
risk for DILI.

— The severity of DILI or the time to recovery may be
increased in the elderly as a result of the reduced regen-
erative capacity following an acute liver injury.

— Future pharmacokinetic studies and/or computational
modeling that will comprehensively characterize ‘early’
and ‘late’ elderly individuals with and without comor-
bidities during drug development would likely increase
our understanding of the impact of aging on DILI.

— In the absence of randomized controlled trials demon-
strating an increased risk of DILI on the basis of chrono-
logic age, routine (down)titration of all prescribed medi-
cations to reduce the risk of DILI in elderly patients is
not recommended. However, as it relates to pharmacoki-
netic and pharmacodynamic alterations (i.e., changes in
hepatic and renal clearance, increased DILI susceptibil-
ity, etc.), selective (down)titration of certain drugs may
be indicated.

5 Epidemiology of DILI in the Elderly

Available data on the incidence of DILI in the elderly are
limited. Because of the relatively small number of clinical
trials that have been designed to study DILI in the elderly
(stratified as a defined group or subgroup), as well as incon-
sistencies in the definition of ‘elderly,” there are few compre-
hensive datasets or statistical analyses available to conduct
dedicated studies in this population. The current literature
provides estimates on the basis of inference from larger
cohorts that include all age groups [34]. Despite this, some
clinical studies have attempted to characterize liver injury in
enrolled elderly patients. Relevant findings in these studies
stratified by age, sex, and pattern of liver injury are high-
lighted in Table 2.

The clinical outcomes of DILI in the elderly are also of
interest. As many elderly patients are excluded from clini-
cal trials, and because DILI is considered a rare diagnosis,
most drug development databases composed of thousands
of patients exposed to a new drug will show no cases. Some
data are available for marketed drugs. In the prospective
Spanish DILI Registry, analysis over a 20-year time period
showed that older patients with cytolytic DILI have worse
outcomes, and the increased prevalence of comorbid condi-
tions in older patients may contribute to increased sever-
ity of DILI [35]. Another study showed longer periods of
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hospitalization and a greater need for intensive treatment
with increased age [3].
Consensus Statements and Recommendations:

— Epidemiologic evidence of DILI in the elderly has been
derived from large cohorts that span multiple age groups.
Epidemiologic evidence does not consistently support
age > 65 years as a general risk factor for DILI.

— Gender has not been identified as a risk factor for DILI
in the elderly.

— Elevated alkaline phosphatase levels may be secondary to
non-hepatic etiologies (e.g., osteoporosis; biliary or pan-
creatic disease) and should be considered when evaluat-
ing for possible DILI in an elderly patient.

— Elderly patients often exhibit a cholestatic DILI pheno-
type and the oldest group is more likely to be female.
These characteristics should be considered when evalu-
ating biomarkers and when stratifying age-defined DILI
populations.

— There is a specific need to develop biomarkers for chole-
static forms of DILI that may improve our diagnostic
and prognostic capabilities and the way liver safety is
monitored in clinical trials.

6 Impact of Polypharmacy
and Inappropriate Prescribing
in the Elderly

6.1 Polypharmacy

Polypharmacy with multiple prescribed medications in the
elderly appears to be a common finding in the studies sum-
marized in Table 3.

According to a literature review, data from international
DILI registries urge further investigation into whether the
elderly population is truly at an increased risk of developing
DILI or whether the age-related liver safety profile reflects
inappropriate levels of drug exposure, polypharmacy, and/or
potentially toxic DDI. A higher frequency of chronic illness
associated with aging, resulting in the utilization of mul-
tiple medications, can contribute to drug-exposure-related
toxic outcomes. The elderly may be especially susceptible to
adverse liver events associated with inappropriate drug dos-
ing and DDIs because they have diminished hepatic blood
flow and declining phase I hepatic enzymes, resulting in
slower hepatic drug clearance and age- and disease-related
reductions in renal clearance [51].

Functional disability related to aging has been investi-
gated as a contributing factor to polypharmacy, includ-
ing prescription and over-the-counter (OTC) analge-
sics. For example, the 2010 Women’s Health and Aging
Study reported that the majority (60%, n = 590) of 975
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Table 2 (continued)

Findings

Number of patients with DILI/age

Study design/(period)

[Ref]/Country
[35]/(Spain)

Male (52%)

843;
mean age 54 years

N=

Prospective Spanish DILI Registry. Analysis over a

Pattern of injury

20-year time period (1994-2018)

Hepatocellular injury associated with younger age

Liver-related mortality more frequent in patients > 65

years with hepatocellular injury

ALP alkaline phosphatase, DILI drug-induced liver injury

community-dwelling disabled women were taking at least
five medications, and 11.8% (n = 115) were on ten or more
medications, with an average of 3.9 prescription and 1.9
OTC medications [52]. Specific factors contributing to and
associated with polypharmacy include:

¢ Difficulty with activities of daily living.

e Subjective breathlessness.

e Opverall subjective perception of poor health superim-
posed on objective chronic comorbidities such as hyper-
tension, diabetes mellitus, chronic obstructive pulmonary
disease (COPD), advanced cardiac disease, and cancer.

The prevalence of moderate- to high-risk DDIs has been
reported to be as high as 74% in older women; 63% of
these DDIs involved non-steroidal antiinflammatory drugs
(NSAIDs) [51]. A Japanese study evaluating DILI in 142
predominantly hospitalized elderly patients (defined as
individuals over 75 years of age), found that they were tak-
ing significantly more concomitant medications at the time
of liver injury compared with younger patients (age < 65
years) [3]. The association of polypharmacy with DILI risk
may not be directly proportional to the number of concomi-
tant medications, but rather to the specific drugs or types
of drugs marked by significant DILI liability that are taken
together. Unnecessary polypharmacy, in this regard, may be
mitigated in the elderly [53]. The use of predictive DDI tools
could prove very effective for this purpose [54].

6.2 Inappropriate Prescribing in the Elderly

Further complicating the challenges of polypharmacy and
potential DDIs are patterns of inappropriate prescribing
by healthcare providers. The literature provides substan-
tial evidence that elderly patients are at increased risk for
inappropriate medication prescribing. Up to 24% of com-
munity-dwelling and 40% of nursing home residents in the
USA were reported to regularly receive at least one poten-
tially inappropriate medication according to the Beers cri-
teria, which provide guidance regarding medications that
should be avoided in most elderly patients [55, 56]. These
criteria have been used to assess the prevalence and trends
in prescribing by providers of a list of 20 potentially inap-
propriate medications for older people [57].
Risk factors for inappropriate prescribing include:

e QOlder age.

e Polypharmacy and a high comorbidity burden.

e Multiple attending physicians and pharmacists who
access different databases.

In a large retrospective epidemiological study using the
modified Beers criteria, the authors found that some 23.5%
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of non-hospitalized people aged 65 years or older, or 6.64
million Americans, received at least one of the 20 con-
traindicated drugs [58]. While 79.6% of people receiving
potentially inappropriate medications received only one
such drug, 20.4% received two or more. Of the list of 20
contraindicated drugs for the elderly, the study estimated
that 70,000-80,000 seniors have received dangerous com-
binations such as diazepam and propoxyphene, amitripty-
line and chlordiazepoxide, and an NSAID in combination
with dipyridamole. In another population-based, cross-sec-
tional survey of 892 community-dwelling elderly patients,
23.9% (n = 213) used one or more drugs identified by the
Beers criteria, and when compared with patients using no
inappropriate drugs identified by those criteria, were more
likely to be prescribed multiple drugs (OR 1.07, 95% CI
1.01-1.13) [57, 59]. The most frequently prescribed inap-
propriate medications marked by Beers criteria were long-
acting benzodiazepines, dipyridamole, propoxyphene, and
amitriptyline. Univariate analyses suggest the confluence
of other risk factors for inappropriate medication use,
including female gender and age 80 years or older [60].
Consensus Statements and Recommendations:

— Polypharmacy and inappropriate prescribing are com-
mon, well-recognized, and avoidable hazards for the
elderly population and demand sustained attention of
pharmacists and prescribers.

— Most studies of polypharmacy in the elderly are based
on US or Western European cohorts, and further stud-
ies in non-Western populations are an unmet need.

— Polypharmacy in the elderly is a multifactorial phe-
nomenon and is impacted by both patient behavior and
prescriber practice.

— New tools are needed to consistently identify prescrip-
tions across databases and to better inform providers
and pharmacists of an elderly patient’s DILI risk profile
associated with inappropriate prescribing.

7 Specific Agents Associated with Increased
DILI Incidence in the Elderly

Although epidemiological data have not convincingly
shown that elderly people are more susceptible to DILI than
younger people overall, DILI might be more common in
older people taking specific drugs [9, 42, 61].

An exhaustive list of all agents implicated in causing
DILI, particularly in the elderly population, is beyond the
scope of this article. Of note, many classes of cancer treat-
ments are associated with DILI, but liver safety data specific
to the elderly are limited. Agents that are both frequently
used by the elderly population and associated with a higher

risk of DILI when used in this age group include some
antimicrobials, analgesics including NSAIDs, cardiovascu-
lar drugs, and herbal supplements [3, 42]. Selected drugs
belonging to these categories are described in the following
section for illustrative purposes.

7.1 Anti-infectives

Anti-infectives represent the category of drugs that most
frequently cause DILI in the general population and in older
patients as well. In this category, DILI is most commonly
caused by agents such as amoxicillin-clavulanate, isoniazid,
nitrofurantoin, and flucloxacillin [9, 62—-66].

7.1.1 7.1.1 Nitrofurantoin (NFT)

NFT is a commonly prescribed antibiotic for the treatment
of urinary tract infections. According to some studies, DILI
due to nitrofurantoin is more frequently observed in women
and the elderly, probably reflecting higher use of this agent
in these demographic groups due to the conditions for which
these agents are usually prescribed [64, 67-69].

Liver injury due to NFT exhibits two patterns: one occurs
with short-term exposure and the other due to long-term
exposure. Liver injury due to short-term NFT exposure
resembles acute hepatitis, whereas liver injury associated
with long-term exposure resembles chronic hepatitis, charac-
terized by moderate-to-severe hepatic inflammation, necro-
sis, and fibrosis.

An autoimmune-like phenotype is frequently observed
with cases of long-term use of NFT. Most patients present
with hepatocellular injury, often after a prolonged time to
onset, which can be > 1 year. Cholestatic injury is also pos-
sible and can be associated with fatal outcomes [63, 64,
67-69]. Morbidity rates of liver disease complications with
long-term use of NFT (cirrhosis, 38%) and mortality (12%)
are high [69].

Presence of the DRB1*11:04 allele appears to increase
the risk of NFT hepatotoxicity, particularly after long-term
exposure, although the positive predictive value of this HLA
allele was not replicated in the DILIGEN/iDILIC cohort [70,
71].

7.1.2 7.2.1 Anti-tuberculosis (TB) Drugs

A large proportion of anti-tuberculosis (TB) drug use occurs
in the age group 65 years and older: the highest rate of TB
in the USA is noted in this age group [72].

According to a systematic literature review, when exposed
to anti-TB treatment, patients older than 60 years had a sig-
nificantly higher risk of hepatotoxicity than younger patients
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[72]. Patients aged > 60 years are 2.6-3.5 times more likely
to have DILI [73, 74].

The detoxification pathway NAT-2 is the main route for
metabolism of anti-tuberculosis drugs; in a genome-wide
association study (GWAS) of isoniazid-containing anti-TB
drug regimens, ultra-slow NAT2 metabolizers are at higher
risk of DILI [75, 76].

Alcohol consumption, malnutrition, viral hepatitis, and
human immunodeficiency virus (HIV) co-infection are
known risk factors for anti-TB drug toxicity, and other con-
comitantly administered drugs in the elderly may at least
partially contribute to the increase in DILI risk in this age

group [9].

7.1.3 7.3.1 Amoxacillin/Clavulanate (AC)

Several studies have found an association between amoxicil-
lin/clavulanate and acute DILI [62, 77].

Prolonged therapy and older age, including the 65-75-
year, 75-85 year, and > 85 year age groups were associated
with cholestatic/mixed type of liver damage, while shorter
treatment duration and younger age were associated with
hepatocellular damage [4, 62].

Genetic factors, HLA class I allele A*02:01, and HLA
class II alleles DRB1*15:01-DQB1*06:02 have been associ-
ated in GWAS with amoxicillin-clavulanate hepatotoxicity
[78].

It is hypothesized that the cholestatic pattern of liver
injury observed in older patients is due to slower drug elimi-
nation related to advanced age and retention of AC in the
body, which would allow for a prolonged exposure of the
bile duct cells to the drug metabolites through canalicular
excretion. It might then trigger an immune response against
haptenized duct cell proteins, and consequently, a periductu-
lar inflammatory reaction [62, 79].

7.2 Analgesics
7.2.1 7.1.2 Paracetamol (Acetaminophen)

Although most intentional and unintentional overdoses
are in younger age groups, the frequency of use in the
elderly, and the association with fatal DILI, deserves men-
tion. Although hepatotoxicity due to paracetamol is dose
related, cases of hepatotoxicity in older patients using
therapeutic doses of paracetamol have been reported [80].
Overall, the risk of hepatotoxicity from therapeutic doses
of paracetamol in older people is not well defined [9]. The
pharmacokinetics of paracetamol may change with age:
studies have shown increased exposure to paracetamol in
older patients due to factors including decreased clearance
and volume of distribution [81, 82].
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Risk factors common in the elderly, such as low body
weight, cardiac, pulmonary, or renal insufficiency, chronic
liver disease, acute or chronic alcohol consumption,
cachexia, prolonged fasting, consumption of drugs that
induce hepatic metabolism such as isoniazid and classical
antiepileptics, can also predispose this patient population
to higher incidence of adverse effects of paracetamol.

It is prudent to consider whether a lower dose and/or
reduced frequency of administration of paracetamol might
be appropriate for frail people with low body weight and
other risk factors for hepatotoxicity [80].

7.2.2 7.2.2 NSAIDs

NSAIDS are one of the most commonly used drug classes:
their use is reported to increase with age as many chronic
pain conditions, such as osteoarthritis, are age related.
The occurrence of serious, overt hepatic injury caused by
NSAIDs as a group is well under 0.1%; however, with
upwards of 20 million patients in the USA taking NSAIDs
on a regular basis, this may translate into a substantial
number of affected individuals [83].

Diclofenac: aging has been associated with an increased
risk of hepatotoxicity due to diclofenac use. However,
when diclofenac is used at therapeutic doses, this toxic-
ity cannot be totally explained by the decrease in hepatic
clearance observed in old age [84]. It has been suggested
that diclofenac may cause mitochondrial dysfunction in
individuals with a reduced mitochondrial biogenesis due
to the aging process, which could explain the increased
susceptibility of the elderly to develop diclofenac hepa-
totoxicity [85]. Ibuprofen has many indications for use in
an elderly population but has only rarely been associated
with hepatotoxicity, including liver transplantation and
death [86].

7.3 Herbal and Dietary Supplements (HDS)

There have been an increasing number of reports of liver
injury associated with the use of HDS, likely due to easy
access to these products and the belief among consumers
that they are safer or more effective than conventional medi-
cations. They are currently used for weight loss, body build-
ing purposes, or to improve well-being or reduce symptoms
of chronic diseases, among other reasons. Registries sug-
gest that HDS-induced liver injury (HILI) may be respon-
sible for at least 1 in 5 DILI cases, with the incidence of
HDS-induced hepatic damage ranging from 1 to 3 cases per
100,000 per year [61, 87, 88]. Data from a cross-sectional
British survey indicated that the average respondent older
than 50 years of age takes 2.3 prescription drugs and 5.9
dietary supplements, of which 2.7 are herbal medicines [89].
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The list of potential herbal hepatotoxins is long, and in
the absence of reliable data on the content of herbal sup-
plements, obtaining an accurate history of HDS use is
very important, and all regularly used products should be
considered when DILI is suspected. It is important to note
that users frequently fail to report the use of such products
to their healthcare providers [90]. To date, however, little
is known about the existence or characteristics of HDS-
induced liver injury in the elderly population. Further
research about the specific mechanisms of liver injury, as
well as more information on their pharmacodynamics, is
needed. The individual’s genetic background is emerging
as a contributing factor in predisposing people to injury
from natural products. Recent reports have demonstrated
an association of the HLA-B*35:01 allele with liver injury
due to Polygonum multiflorum, Camellia sinensis, and more
recently, with turmeric [91-93].

Consensus Statements and Recommendations:

— Evaluation of commonly used medications has not shown
that elderly people are generally more susceptible to
DILI than younger people; however, DILI may be more
common in older people taking specific medications.

— Changes in pharmacokinetics of drugs due to the decline
in physiological functions with aging can alter the vol-
ume of distribution and half-life of certain drugs. In some
cases, these changes could potentially affect the risk of
DILI.

— The use of HDS is increasing worldwide and use in the
elderly has been suggested, though usually underre-
ported. A complete history of medication use, including
HDS, should be taken when investigating a case of DILIL
Many HDS products have been implicated in DILI cases.
Further research about the incidence of DILI after use
of these agents in the older population, as well as the
mechanisms involved, is needed.

8 Current Regulatory Approaches in Clinical
Trials

8.1 Regulatory Considerations and Guidance

As a result of too few patients older than 75-80 years of
age being included in most trials, there is growing concern
regarding the lack of knowledge or information concerning
DILI and adverse events in the elderly population. Up to
35% of published trials excluded older people solely on
the basis of age [94].

Regulatory authorities, including FDA and EMA, rec-
ognize the importance of addressing knowledge gaps in
assessing DILI in the elderly. In 2012, the FDA published
a Guidance for Industry, E7 Studies in Support of Special

Populations: Geriatrics to highlight the importance of
including the geriatric population in clinical development
programs [95]. The guidance states the following:

e FElderly patients with comorbidities or those taking
concomitant therapies should not be automatically
excluded from enrollment in clinical trials, because
including such patients in trials provides data that may
help to detect DDIs.

e Eligibility criteria must be closely examined so as not
to exclude patients who would be considered vulner-
able or ‘frail’

e Stratification of data for the elderly into subgroups
should be included in analyses; this will allow for more
consistent reporting of safety profiles in the elderly,
particularly the oldest-old group.

e Older adults should be allowed to enroll in clinical
trials if they are stable, can be safely and ethically
enrolled, and are willing to participate.

Efforts are underway to encourage sponsors to take a
more rational approach to establishing eligibility criteria
for clinical trials with the relaxation of specified labora-
tory test results as requirements for enrollment if safety is
not compromised. Finally, the FDA’s frequent communica-
tions with sponsors during the product development pro-
cess provide interactive opportunities to remind sponsors
to consider the age range and other demographic charac-
teristics of the intended treatment population early in the
development of clinical trials [96-98].

As stated in the current ICH E7 guidance, an applicant
developing a drug for marketing should provide estimates
of the prevalence of the disease to be treated by age as
well as examination of the age distribution of usage for
other drugs of the same class or for the same indication.
This will characterize the expected use of the drug and
should influence the number of geriatric patients to be
included in the marketing application. The current guid-
ance states, “for drugs used in diseases not unique to, but
present in, the elderly, a minimum of 100 patients would
usually allow for detection of clinically important differ-
ences” [97].

The value of product labels with sufficient information
for the management of elderly patients should be consid-
ered during trial design. As a key rationale to include older
adults in clinical trials, adequate labeling of liver safety
information should reflect clinical trial experience as well
as post-marketing experience in countries where the drug
has previously been approved, if available, for the intended
treatment populations of the study drug. In some cases, ade-
quate representation of elderly patients in clinical trials may
be challenging, and further safety data collection in a post-
marketing setting may be required. However, the adequacy
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of, and the need for, clinical trial safety data in the elderly
population should be considered during drug development
and discussed in the marketing application submission. Post-
marketing commitments or requirements may be less urgent
if these populations are adequately evaluated during clinical
trials. Collection of data from all possible sources should be
optimized, because adverse reactions in elderly populations
are generally underreported. As stated in one article, “Spon-
sors and collaborative groups may also work to harness ‘big
data’ and explore real-world outcomes to answer questions
about practice patterns and safety in older adults after drug
approval” [98].

The EMA and its Committee for Medicinal Products for
Human Use (CHMP) commented on their perspectives on
the adequacy of guidance for the elderly population regard-
ing medicinal products for human use [99]. On the basis
of their review, they proposed the following goals in drug
studies in the elderly:

1. To increase the number of elderly patients participat-
ing in the clinical development programs, requiring a
proportion of the efficacy and safety database to include
elderly populations in relation to the indication, and mir-
roring the target population

2. To consider the minimum requirements for two different
age groups: elderly and very elderly

3. Inrelation to the PK-specific considerations, an adequate
representation of elderly in the efficacy and safety data-
base would integrate and complete the PK requirements
(via population PK)

There have been increasing efforts by regulatory agen-
cies to enable the generation of high-quality research data
in elderly populations.

e The FDA recommendations address the need for ade-
quate representation of geriatric study subjects, includ-
ing those with concomitant diseases, frailty state, and
age subcategorization. The FDA also calls for enhanced
formal PK measurements to evaluate different age-
related parameters during drug development.

e The EMA encourages the inclusion of elderly patients
reflective of the target population (and therefore is
similar to FDA guidance), with recommendation for
the stratification of the elderly target group into the
two subgroups, the elderly and very elderly, and for
inclusion of geriatric groups in both drug development
efficacy and safety databases.

e The ICH E7 supports strategic planning of scientific
evidence with clinical trials within this specific tar-
get (i.e., disease) population concerning drugs that are
likely to be used by the elderly.
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Studies conducted of the elderly should be aimed at
safeguarding the rights and safety of elderly patients while
adequately investigating their efficacy and safety in this
population, analogous to the requirements for pediatric
studies.

In addition to not excluding subjects solely on the basis
of age, communications from regulatory authorities that
support the appropriate inclusion of elderly individuals
(particularly in those with multiple chronic conditions) in
clinical trials are highly valued [100]. The use of adaptive
strategies in clinical trial design that allow for special drug
dosages in the elderly and more stringent and personalized
safety monitoring rules on the basis of participants’ unique
characteristics, such as age, low body weight, concomitant
medications, and comorbidities, might also improve partici-
pation of older patients in clinical trials.

8.2 Existing Status of Clinical Trials and Proposals
for Industry

Case-control studies or other appropriate study designs may
prove to be a highly pragmatic method to assess adverse
drug effects in elderly populations in the future [97].

The evidence base for prescribing drugs to older people is
small and clearly disproportionate to the number of prescrip-
tions written for this group. In the year 2000, only 3.45% of
8945 randomized controlled trials and 1.2% of 706 meta-
analyses reflected study populations over 65 years old [101].

Consensus Statements and Recommendations:

— On the basis of the FDA’s and EMA’s guidance, there
is a need for adequate representation of elderly popula-
tions in clinical trials, including those with concomitant
underlying diseases and/or frailty.

— Analysis of data obtained from specific age groups,
including the elderly, is desirable.

— Drugs that are commonly used in the elderly require DDI
studies, as this will help navigate the polypharmacy and
comorbidity paradigm in this population.

9 Discussion

To meet the needs of the fastest-growing segment of the
population, the elderly, a partnership of academic clinicians,
industry investigators, and regulatory scientists is urgently
needed. The framework for a collaboration is shaped by
this summary of the current literature and identification of
knowledge gaps. It is evident that these gaps are consider-
able and must be addressed in further studies.
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Several high-level observations serve as a basis for these
consensus statements and recommendations:

e Chronological age, biological age, and frailty are each
essential characteristics in defining what it means to be
‘elderly’ and in the study of DILI during aging.

e Physiologic and biochemical changes in livers of old
individuals have been observed, although the clinical
implications of these changes are not fully elucidated.

e The predominance of a cholestatic DILI phenotype in the
older population is consistent across several prospective
and retrospective clinical studies. Thus, when an elderly
patient presents with cholestatic abnormalities, DILI
should be considered among the list of potential causes
of injury.

e Inappropriate prescribing practices, comorbidities, and
polypharmacy, compounded by multiple care providers
and pharmacy sources of medications, are common in the
elderly, and new tools to assure provider awareness are
needed.

¢ Anti-infectives, analgesic medications, and herbal prod-
ucts are the most frequent culprits in this population.

e Guidance published by the FDA and EMA has created a
roadmap for industry to foster a more inclusive approach
to clinical trial enrollment.

Major gaps identified in each of the main areas of
research in DILI in the elderly remain to be filled. As bar-
riers in this endeavor are identified and addressed, effective
collaborations among clinicians, industry, and regulators are
expected.

Clinicians need to become aware of commonly used
drug classes that are frequently associated with DILI in the
elderly. Inappropriate prescribing practices and the chal-
lenges posed by polypharmacy are particularly relevant. Fur-
thermore, clinicians can encourage elderly patient participa-
tion in clinical drug trials. They can also advise and inform
industry about appropriate programs and protocol design.

Industry can take a more inclusive approach to the
advanced age demographic across all phases of drug devel-
opment. Guidance and recommendations that have been
issued by regulatory authorities currently address many
practical concerns. Clinical trial protocols that include
elderly patients may consider incorporating special safety
surveillance and management protocols as needed.

There remains much more to learn about DILI in the
elderly, and current evidence referenced in this summary
of the literature suggests that knowledge gaps remain that
span many clinical and scientific aspects of this field. Two
patient-centric goals should be highlighted, and serve as a
focus for future, collaborative efforts. First is the optimiza-
tion of safe prescribing practices in the elderly. To accom-
plish this, a better understanding of predictive risk factors is

needed, along with effective methods to implement them in
a clinical setting. Second, there is an urgent need to increase
enrollment of older people in clinical trials, and regulatory
authorities have laid the groundwork for this to occur.

Further studies will need to address the following critical
questions: How do the pharmacodynamics in older cohorts
compare with those in younger cohorts? Are the outcomes
of DILI different in older versus younger cohorts? Should
exclusion criteria be based primarily on liver test results?
What monitoring requirements, causality assessment cri-
teria, or discontinuation rules should be applied to older
subjects?

10 Conclusion

Characterizing DILI in the elderly has been identified as a
significant unmet need in clinical drug development pro-
grams. As the global population ages, the need for a broader
and deeper understanding of this paradigm will intensify.
This summary of the literature and the consensus statements
and recommendations can help to optimize medical care for
the elderly patient and to catalyze productive collaborations
between stakeholders to achieve a more complete under-
standing of this important topic.

Declarations

Funding No funding was provided for the development of these con-
sensus statements and recommendations.

Conflict of interest This manuscript reflects the view of the authors
and should not be construed to represent the FDA’s views or policies.
The authors have no conflicts of interest to declare that are relevant to
the context of this article.

Ethics approval Not applicable.

Consent to participate Not applicable.

Consent for publication Not applicable.

Availability of data and materials Not applicable.

Code availability Not applicable.

Author contributions All authors made significant contribution to the

writing, development. and editing of this manuscript. All authors read
and approved the final version.

Open Access This article is licensed under a Creative Commons Attri-
bution-NonCommercial 4.0 International License, which permits any
non-commercial use, sharing, adaptation, distribution and reproduction
in any medium or format, as long as you give appropriate credit to the
original author(s) and the source, provide a link to the Creative Com-
mons licence, and indicate if changes were made. The images or other
third party material in this article are included in the article's Creative

A\ Adis



316

E. B. Cohen et al.

Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article's Creative Commons
licence and your intended use is not permitted by statutory regula-
tion or exceeds the permitted use, you will need to obtain permission
directly from the copyright holder. To view a copy of this licence, visit
http://creativecommons.org/licenses/by-nc/4.0/.

References

10.

11.

15.

. Charlesworth CJ, Smit E, Lee DS, Alramadhan F, Odden MC.

Polypharmacy among adults aged 65 years and older in the
United States: 1988-2010. J Gerontol A Biol Sci Med Sci. 2015.
https://doi.org/10.1093/gerona/glv013.

Orimo H. Reviewing the definition of elderly. Nihon Ronen Igak-
kai Zassh. Japan J Geriatr. 2006. https://doi.org/10.3143/geria
trics.43.27

Onji M, Fujioka S, Takeuchi Y, Takaki T, Osawa T, Yamamoto
K, et al. Clinical characteristics of drug-induced liver injury in
the elderly. Hepatol Res. 2009. https://doi.org/10.1111/j.1872-
034X.2009.00492..x.

Weersink RA, Alvarez-Alvarez I, Medina-Caliz I, Sanabria-
Cabrera J, Robles-Diaz M, Ortega-Alonso A, et al. Clinical char-
acteristics and outcome of drug-induced liver injury in the older
patients: From the young-old to the oldest-old. Clin Pharmacol
Ther. 2021. https://doi.org/10.1002/cpt.2108.

Lowsky DJ, Olshansky SJ, Bhattacharya J, Goldman DP. Hetero-
geneity in healthy aging. J Gerontol A Biol Sci Med Sci. 2014.
https://doi.org/10.1093/gerona/glt162.

Harada C, Natelson Love M, Triebel K. Normal cognitive aging.
Clin Geriatr Med. 2013. https://doi.org/10.1016/j.cger.2013.07.
002.

Weinstein JR, Anderson S. The aging kidney: physiological
changes. Adv Chronic Kidney Dis. 2010. https://doi.org/10.
1053/j.ackd.2010.05.002.

Kim IH, Kisseleva T, Brenner DA. Aging and liver disease. Curr
Opin Gastroenterol. 2015. https://doi.org/10.1097/MOG.00000
00000000176.

Mitchell SJ, Hilmer SN. Drug-induced liver injury in older
adults. Ther Adv Drug Saf. 2010. https://doi.org/10.1177/20420
98610386281.

Soto-Perez-de-Celis E, Li D, Yuan Y, Lau YM, Hurria A. Func-
tional versus chronological age: geriatric assessments to guide
decision making in older patients with cancer. Lancet Oncol.
2018. https://doi.org/10.1016/S1470-2045(18)30348-6.
Wagner KH, Cameron-Smith D, Wessner B, Franzke B. Bio-
markers of aging: from function to molecular biology. Nutrients.
2016. https://doi.org/10.3390/nu8060338.

Morley JE, Vellas B, van Kan GA, Anker SD, Bauer JM, Ber-
nabei R, et al. Frailty consensus: a call to action. ] Am Med Dir
Assoc. 2013. https://doi.org/10.1016/j.jamda.2013.03.022.

. Walston J. Frailty-The search for underlying causes. Sci Aging

Knowl Environ. 2004. https://doi.org/10.1126/sageke.2004.4.
ped.

Li X, Ploner A, Karlsson IK, Liu X, Magnusson PKE, Pedersen
NL, et al. The frailty index is a predictor of cause-specific mor-
tality independent of familial effects from midlife onwards: a
large cohort study. BMC Med. 2019. https://doi.org/10.1186/
s12916-019-1331-8.

Fried LP, Tangen CM, Walston J, Newman AB, Hirsch C, Gott-
diener J, et al. Frailty in older adults: evidence for a phenotype.
J Gerontol A Biol Sci Med Sci. 2001. https://doi.org/10.1093/
gerona/56.3.m146.

A\ Adis

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

Rockwood K, Song X, MacKnight C, Bergman H, Hogan DB,
McDowell I, et al. A global clinical measure of fitness and
frailty in elderly people. CMAIJ. 2005. https://doi.org/10.1503/
cmaj.050051.

Ambagtsheer RC, Archibald MM, Lawless M, Kitson A, Beilby
J. Feasibility and acceptability of commonly used screening
instruments to identify frailty among community-dwelling
older people: a mixed methods study. BMC Geriatr. 2020.
https://doi.org/10.1186/s12877-020-01551-6.

Faller JW, Pereira DN, de Souza S, Nampo FK, Orlandi FS,
Matumoto S. Instruments for the detection of frailty syndrome
in older adults: a systematic review. PLoS ONE. 2019. https://
doi.org/10.1371/journal.pone.0216166.

Klotz U. Pharmacokinetics and drug metabolism in the elderly.
Drug Metab Rev. 2009. https://doi.org/10.1080/0360253090
2722679.

Wynne HA, Cope LH, Mutch E, Rawlins MD, Woodhouse KW,
James OF. The effect of age upon liver volume and apparent
liver blood flow in healthy man. Hepatol Baltim Md. 1989.
https://doi.org/10.1002/hep.1840090222.

Le Couteur DG, Warren A, Cogger VC, Smedsrgd B, Sgrensen
KK, De Cabo R, et al. Old age and the hepatic sinusoid. Anat
Rec (Hoboken). 2008. https://doi.org/10.1002/ar.20661.

Le Couteur DG, McLean AJ. The aging liver. Drug clear-
ance and an oxygen diffusion barrier hypothesis. Clin Phar-
macokinet. 1998. https://doi.org/10.2165/00003088-19983
4050-00003.

Tajiri K, Shimizu Y. Liver physiology and liver diseases in the
elderly. World J Gastroenterol. 2013. https://doi.org/10.3748/wjg.
v19.i46.8459.

Tan JL, Eastment JG, Poudel A, Hubbard RE. Age-related
changes in hepatic function: an update on implications for
drug therapy. Drugs Aging. 2015. https://doi.org/10.1007/
$40266-015-0318-1.

Jung T, Bader N, Grune T. Lipofuscin: formation, distribution,
and metabolic consequences. Ann NY Acad Sci. 2007. https://
doi.org/10.1196/annals.

Schmucker DL. Age-related changes in liver structure and func-
tion: implications for disease? Exp Gerontol. 2005. https://doi.
org/10.1016/j.exger.2005.06.009.

Campion EW, deLabry LO, Glynn RJ. The effect of age on serum
albumin in healthy males: report from the Normative Aging
Study. J Gerontol. 1988. https://doi.org/10.1093/geronj/43.1.
ml8.

Greenblatt DJ. Reduced serum albumin concentration in the
elderly: a report from the Boston Collaborative Drug Surveil-
lance Program. J Am Geriatr Soc. 1979. https://doi.org/10.
1111/j.1532-5415.1979.tb01715 .

Intano GW, Cho EJ, McMahan CA, Walter CA. Age-related base
excision repair activity in mouse brain and liver nuclear extracts.
J Gerontol A Biol Sci Med Sci. 2003. https://doi.org/10.1093/
gerona/58.3.b205.

Hamilton ML, Van Remmen H, Drake JA, Yang H, Guo ZM,
Kewitt K, et al. Does oxidative damage to DNA increase with
age? Proc Natl Acad Sci USA. 2001. https://doi.org/10.1073/
pnas.171202698.

Sotaniemi EA, Arranto AJ, Pelkonen O, Pasanen M. Age and
cytochrome P450-linked drug metabolism in humans: an analy-
sis of 226 subjects with equal histopathologic conditions. Clin
Pharmacol Ther. 1997. https://doi.org/10.1016/S0009-9236(97)
90166-1.

Butler JM, Begg EJ. Free drug metabolic clearance in elderly
people. Clin Pharmacokinet. 2008. https://doi.org/10.2165/00003
088-200847050-00002.

Lammert C, Bjornsson E, Niklasson A, Chalasani N. Oral medi-
cations with significant hepatic metabolism at higher risk for


http://creativecommons.org/licenses/by-nc/4.0/
https://doi.org/10.1093/gerona/glv013
https://doi.org/10.3143/geriatrics.43.27
https://doi.org/10.3143/geriatrics.43.27
https://doi.org/10.1111/j.1872-034X.2009.00492.x
https://doi.org/10.1111/j.1872-034X.2009.00492.x
https://doi.org/10.1002/cpt.2108
https://doi.org/10.1093/gerona/glt162
https://doi.org/10.1016/j.cger.2013.07.002
https://doi.org/10.1016/j.cger.2013.07.002
https://doi.org/10.1053/j.ackd.2010.05.002
https://doi.org/10.1053/j.ackd.2010.05.002
https://doi.org/10.1097/MOG.0000000000000176
https://doi.org/10.1097/MOG.0000000000000176
https://doi.org/10.1177/2042098610386281
https://doi.org/10.1177/2042098610386281
https://doi.org/10.1016/S1470-2045(18)30348-6
https://doi.org/10.3390/nu8060338
https://doi.org/10.1016/j.jamda.2013.03.022
https://doi.org/10.1126/sageke.2004.4.pe4
https://doi.org/10.1126/sageke.2004.4.pe4
https://doi.org/10.1186/s12916-019-1331-8
https://doi.org/10.1186/s12916-019-1331-8
https://doi.org/10.1093/gerona/56.3.m146
https://doi.org/10.1093/gerona/56.3.m146
https://doi.org/10.1503/cmaj.050051
https://doi.org/10.1503/cmaj.050051
https://doi.org/10.1186/s12877-020-01551-6
https://doi.org/10.1371/journal.pone.0216166
https://doi.org/10.1371/journal.pone.0216166
https://doi.org/10.1080/03602530902722679
https://doi.org/10.1080/03602530902722679
https://doi.org/10.1002/hep.1840090222
https://doi.org/10.1002/ar.20661
https://doi.org/10.2165/00003088-199834050-00003
https://doi.org/10.2165/00003088-199834050-00003
https://doi.org/10.3748/wjg.v19.i46.8459
https://doi.org/10.3748/wjg.v19.i46.8459
https://doi.org/10.1007/s40266-015-0318-1
https://doi.org/10.1007/s40266-015-0318-1
https://doi.org/10.1196/annals
https://doi.org/10.1196/annals
https://doi.org/10.1016/j.exger.2005.06.009
https://doi.org/10.1016/j.exger.2005.06.009
https://doi.org/10.1093/geronj/43.1.m18
https://doi.org/10.1093/geronj/43.1.m18
https://doi.org/10.1111/j.1532-5415.1979.tb01715.x
https://doi.org/10.1111/j.1532-5415.1979.tb01715.x
https://doi.org/10.1093/gerona/58.3.b205
https://doi.org/10.1093/gerona/58.3.b205
https://doi.org/10.1073/pnas.171202698
https://doi.org/10.1073/pnas.171202698
https://doi.org/10.1016/S0009-9236(97)90166-1
https://doi.org/10.1016/S0009-9236(97)90166-1
https://doi.org/10.2165/00003088-200847050-00002
https://doi.org/10.2165/00003088-200847050-00002

Drug-Induced Liver Injury in the Elderly

317

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

hepatic adverse events. Hepatol Baltim Md. 2010. https://doi.
org/10.1002/hep.23317.

Bell L, Chalasani N. Epidemiology of idiosyncratic drug-induced
liver injury. Semin Liver Dis. 2009. https://doi.org/10.1055/s-
0029-1240002.

Stephens C, Robles-Diaz M, Medina-Caliz I, Garcia-Cortes M,
Ortega-Alonso A, Sanabria-Cabrera J, et al. Comprehensive anal-
ysis and insights gained from long-term experience of the Span-
ish DILI Registry. ] Hepatol. 2021. https://doi.org/10.1016/j.jhep.
2021.01.029.

Sgro C, Clinard F, Ouazir K, et al. Incidence of drug-induced
hepatic injuries: a French population-based study. Hepatol Bal-
tim Md. 2002. https://doi.org/10.1053/jhep.2002.34857.
Andrade RJ, Lucena MI, Fernandez MC, et al. Drug-induced
liver injury: an analysis of 461 incidences submitted to the
Spanish registry over a 10-year period. Gastroenterology. 2005.
https://doi.org/10.1016/j.gastro.2005.05.006.

De Valle MB, Av Klinteberg V, Alem N, Olsson R, Bjornsson
E. Drug-induced liver injury in a Swedish University hospital
out-patient hepatology clinic. Aliment Pharmacol Ther. 2006.
https://doi.org/10.1111/j.1365-2036.2006.03117 x.

Lucena MI, Andrade RJ, Kaplowitz N, Garcia-Cortes M, Fernin-
dez MC, Romero-Gomez M, et al. Phenotypic characterization
of idiosyncratic drug-induced liver injury: the influence of age
and sex. Hepatology. 2009. https://doi.org/10.1002/hep.22895.
Bjornsson ES, Bergmann OM, Bjornsson HK, Kvaran RB, Olaf-
sson S. Incidence, presentation, and outcomes in patients with
drug-induced liver injury in the general population of Iceland.
Gastroenterology. 2013. https://doi.org/10.1053/j.gastro.2013.02.
006.

Hunt CM, Yuen NA, Stirnadel-Farrant HA, Suzuki A. Age-
related differences in reporting of drug-associated liver injury:
data-mining of WHO Safety Report Database. Reg Toxicol Phar-
macol. 2014. https://doi.org/10.1016/j.yrtph.2014.09.007.
Chalasani N, Bonkovsky HL, Fontana R, Lee W, Stolz A, Tal-
walkar J, et al. Features and outcomes of 899 patients with drug-
induced liver injury: the DILIN Prospective Study. Gastroenter-
ology. 2015. https://doi.org/10.1053/j.gastro.2015.03.006.
Chung H, An H, Lee J, Oh J, Yu K-S, Chung J-Y. Evaluation of
factors associated with drug-induced liver injury using electronic
medical records. Transl Clin Pharmacol. 2016. https://doi.org/10.
12793/tcp.2016.24.2.78.

Pedraza L, Laosa O, Rodriguez-Maiias L, Gutiérrez-Romero DF,
Frias J, Carnicero JA, et al. Drug induced liver injury in geriatric
patients detected by a two-hospital prospective pharmacovigi-
lance program: a comprehensive analysis using the Roussel Uclaf
Causality Assessment Method. Front Pharmacol. 2021. https://
doi.org/10.3389/fphar.2020.600255.

Kaufman DW, Kelly JP, Rosenberg L, Anderson TE, Mitchell
AA. Recent patterns of medication use in the ambulatory adult
population of the United States: the Slone survey. JAMA. 2002.
https://doi.org/10.1001/jama.287.3.337.

Canter PH, Ernst E. Herbal supplement use by persons aged
over 50 years in Britain: frequently used herbs, concomitant use
of herbs, nutritional supplements and prescription drugs, rate
of informing doctors and potential for negative interactions.
Drugs Aging. 2004. https://doi.org/10.2165/00002512-20042
1090-00004.

Dwyer LL, Han B, Woodwell DA, Rechtsteiner EA. Polyphar-
macy in nursing home residents in the United States: results of
the 2004 National Nursing Home Survey. Am J Geriatr Pharma-
cother. 2010. https://doi.org/10.1016/j.amjopharm.2010.01.001.
Tulner LR, Kuper IM, Frankfort SV, van Campen JP, Koks
CH, Brandjes DP, et al. Discrepancies in reported drug use in

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

geriatric outpatients: relevance to adverse events and drug-drug
interactions. Am J Geriatr Pharmacother. 2009. https://doi.org/
10.1016/j.amjopharm.2009.04.006.

Junius-Walker U, Theile G, Hummers-Pradier E. Prevalence and
predictors of polypharmacy among older primary care patients
in Germany. Fam Pract. 2007. https://doi.org/10.1093/fampra/
cml067.

Saraf AA, Petersen AW, Simmons SF, Schnelle JF, Bell SP, Kri-
palani S, et al. Medications associated with geriatric syndromes
and their prevalence in older hospitalized adults discharged to
skilled nursing facilities. J Hosp Med. 2016. https://doi.org/10.
1002/jhm.2614.

Stine JG, Sateesh P, Lewis JH. Drug-induced liver injury in the
elderly. Curr Gastroenterol Rep. 2013. https://doi.org/10.1007/
s11894-012-0299-8.

Crentsil V, Ricks MO, Xue Q-L, Fried LP. A pharmacoepidemio-
logic study of community-dwelling, disabled older women: fac-
tors associated with medication use. Am J Geriatr Pharmacother.
2010. https://doi.org/10.1016/j.amjopharm.2010.06.003.
Danjuma MI, Almasri H, Alshokri S, Khir FK, Elmalik A, Bat-
tihk NG, et al. Avoidability of drug-induced liver injury (DILI)
in an elderly hospital cohort with cases assessed for causality by
the updated RUCAM score. BMC Geriatr. 2020. https://doi.org/
10.1186/s12877-020-01732-3.

de Abajo FJ, Montero D, Madurga M, Garcia Rodriguez LA.
Acute and clinically relevant drug-induced liver injury: a popula-
tion based case-control study. Br J Clin Pharmacol. 2004. https://
doi.org/10.1111/j.1365-2125.2004.02133 x.

Fick DM, Waller JL, Maclean JR, Heuvel RV, Tadlock G, Got-
tlieb M, et al. Potentially inappropriate medication use in Medi-
care managed care population: association with higher costs and
utilization. J Manag Care Spec Pharm. 2001. https://doi.org/10.
18553/jmep.2001.7.5.407.

Gallagher P, Barry P, O’Mahony D. Inappropriate prescribing in
the elderly. J Clin Pharm Ther. 2007. https://doi.org/10.1111/j.
1365-2710.2007.00793.x.

Fick DM, Cooper JW, Wade WE, Waller JL, Maclean JR, Beers
MH. Updating the Beers criteria for potentially inappropriate
medication use in older adults: results of a US consensus panel
of experts. Arch Intern Med. 2003. https://doi.org/10.1001/archi
nte.163.22.2716.

Willcox SM, Himmelstein DU, Woolhandler S. Inappropriate
drug prescribing for the community-dwelling elderly. JAMA.
1994;272(4):292-6.

Blalock SJ, Byrd JE, Hansen RA, Yamanis TJ, McMullin K,
DeVellis BM, et al. Factors associated with potentially inappro-
priate drug utilization in a sample of rural community-dwelling
older adults. Am J Geriatr Pharmacother. 2005. https://doi.org/
10.1016/51543-5946(05)80023-6.

Aparasu RR, Mort JR. Inappropriate prescribing for the elderly:
beers criteria-based review. Ann Pharmacother. 2000. https://doi.
org/10.1345/aph.19006.

Chalasani N, Fontana RJ, Bonkovsky HL, Watkins PB, Davern
T, Serrano J, et al. Causes, clinical features, and outcomes from
a prospective study of drug-induced liver injury in the United
States. Gastroenterology. 2008. https://doi.org/10.1053/j.gastro.
2008.09.011.

Lucena MI, Andrade RJ, Fernandez MC, Pachkoria K, Pelaez
G, Duran JA, et al. Determinants of the clinical expression of
amoxicillin-clavulanate hepatotoxicity: a prospective series from
Spain. Hepatology. 2006. https://doi.org/10.1002/hep.21324.
Bjornsson ES. Drug-induced liver injury due to antibiotics.
Scand J Gastroenterol. 2017. https://doi.org/10.1080/00365521.
2017.1291719.

A\ Adis


https://doi.org/10.1002/hep.23317
https://doi.org/10.1002/hep.23317
https://doi.org/10.1055/s-0029-1240002
https://doi.org/10.1055/s-0029-1240002
https://doi.org/10.1016/j.jhep.2021.01.029
https://doi.org/10.1016/j.jhep.2021.01.029
https://doi.org/10.1053/jhep.2002.34857
https://doi.org/10.1016/j.gastro.2005.05.006
https://doi.org/10.1111/j.1365-2036.2006.03117.x
https://doi.org/10.1002/hep.22895
https://doi.org/10.1053/j.gastro.2013.02.006
https://doi.org/10.1053/j.gastro.2013.02.006
https://doi.org/10.1016/j.yrtph.2014.09.007
https://doi.org/10.1053/j.gastro.2015.03.006
https://doi.org/10.12793/tcp.2016.24.2.78
https://doi.org/10.12793/tcp.2016.24.2.78
https://doi.org/10.3389/fphar.2020.600255
https://doi.org/10.3389/fphar.2020.600255
https://doi.org/10.1001/jama.287.3.337
https://doi.org/10.2165/00002512-200421090-00004
https://doi.org/10.2165/00002512-200421090-00004
https://doi.org/10.1016/j.amjopharm.2010.01.001
https://doi.org/10.1016/j.amjopharm.2009.04.006
https://doi.org/10.1016/j.amjopharm.2009.04.006
https://doi.org/10.1093/fampra/cml067
https://doi.org/10.1093/fampra/cml067
https://doi.org/10.1002/jhm.2614
https://doi.org/10.1002/jhm.2614
https://doi.org/10.1007/s11894-012-0299-8
https://doi.org/10.1007/s11894-012-0299-8
https://doi.org/10.1016/j.amjopharm.2010.06.003
https://doi.org/10.1186/s12877-020-01732-3
https://doi.org/10.1186/s12877-020-01732-3
https://doi.org/10.1111/j.1365-2125.2004.02133.x
https://doi.org/10.1111/j.1365-2125.2004.02133.x
https://doi.org/10.18553/jmcp.2001.7.5.407
https://doi.org/10.18553/jmcp.2001.7.5.407
https://doi.org/10.1111/j.1365-2710.2007.00793.x
https://doi.org/10.1111/j.1365-2710.2007.00793.x
https://doi.org/10.1001/archinte.163.22.2716
https://doi.org/10.1001/archinte.163.22.2716
https://doi.org/10.1016/s1543-5946(05)80023-6
https://doi.org/10.1016/s1543-5946(05)80023-6
https://doi.org/10.1345/aph.19006
https://doi.org/10.1345/aph.19006
https://doi.org/10.1053/j.gastro.2008.09.011
https://doi.org/10.1053/j.gastro.2008.09.011
https://doi.org/10.1002/hep.21324
https://doi.org/10.1080/00365521.2017.1291719
https://doi.org/10.1080/00365521.2017.1291719

318

E. B. Cohen et al.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

Stricker BH, Blok AP, Claas FH, Van Parys GE, Desmet VJ.
Hepatic injury associated with the use of nitrofurans: a clinico-
pathological study of 52 reported cases. Hepatol Baltim Md.
1988. https://doi.org/10.1002/hep.1840080327.

Black M, Mitchell JR, Zimmerman HJ, Ishak KG, Epler GR.
Isoniazid-associated hepatitis in 114 patients. Gastroenterol-
ogy. 1975;69(2):289-302.

Sharma SK, Balamurugan A, Saha PK, Pandey RM, Mehra
NK. Evaluation of clinical and immunogenetic risk factors
for the development of hepatotoxicity during antituberculosis
treatment. Am J Respir Crit Care Med. 2002. https://doi.org/
10.1164/rccm.2108091.

de Boer YS, Kosinski AS, Urban TJ, Zhao Z, Long N, Cha-
lasani N, et al. Features of autoimmune hepatitis in patients
with drug-induced liver injury. Clin Gastroenterol Hepatol Off
Clin Pract ] Am Gastroenterol Assoc. 2017. https://doi.org/10.
1016/j.cgh.2016.05.043.

Bessone F, Ferrari A, Hernandez N, Mendizabal M, Ridruejo
E, Zerega A, et al. Nitrofurantoin-induced liver injury: long-
term follow-up in two prospective DILI registries. Arch Toxi-
col. 2023. https://doi.org/10.1007/s00204-022-03419-7.
Chalasani N, Li YJ, Dellinger A, Navarro V, Bonkovsky H,
Fontana RJ, et al. Clinical features, outcomes, and HLA risk
factors associated with nitrofurantoin-induced liver injury. J
Hepatol. 2023. https://doi.org/10.1016/j.jhep.2022.09.010.
Daly AK, Bjornsson ES, Lucena MI, Andrade RJ, Aithal GP.
Drug-induced liver injury due to nitrofurantoin: similar clini-
cal features, but different HLA risk alleles in an independent
cohort. J Hepatol. 2022. https://doi.org/10.1016/j.jhep.2022.
11.022.

Nicoletti P, Aithal GP, Bjornsson ES, Andrade RJ, Sawle A,
Arrese M, et al. Association of liver injury from specific drugs,
or groups of drugs, with polymorphisms in HLA and other genes
in a genome-wide association study. Gastroenterology. 2017.
https://doi.org/10.1053/j.gastro.2016.12.016.

Hosford JD, von Fricken ME, Lauzardo M, Chang M, Dai Y,
Lyon J, et al. Hepatotoxicity from antituberculous therapy in the
elderly: a systematic review. Tuberc Edinb Scotl. 2015. https://
doi.org/10.1016/j.tube.2014.10.006.

Yee D, Valiquette C, Pelletier M, Parisien I, Rocher I, Menzies
D. Incidence of serious side effects from first-line antitubercu-
losis drugs among patients treated for active tuberculosis. Am
J Respir Crit Care Med. 2003. https://doi.org/10.1164/rccm.
200206-6260C.

Schaberg T, Rebhan K, Lode H. Risk factors for side-effects of
isoniazid, rifampin and pyrazinamide in patients hospitalized for
pulmonary tuberculosis. Eur Respir J. 1996. https://doi.org/10.
1183/09031936.96.09102026.

Rothman N, Hayes RB, Bi W, Caporaso N, Broly F, Woosley RL,
et al. Correlation between N-acetyltransferase activity and NAT2
genotype in Chinese males. Pharmacogenetics. 1993. https://doi.
org/10.1097/00008571-199310000-00004.

Nicoletti P, Devarbhavi H, Goel A, Venkatesan R, Eapen CE,
Grove J1, et al. Genetic risk factors in drug-induced liver injury
due to isoniazid-containing antituberculosis drug regimens. Clin
Pharmacol Ther. 2021. https://doi.org/10.1002/cpt.2100.
deLemos AS, Ghabril M, Rockey DC, Gu J, Barnhart HX, Fon-
tana RJ, et al. Amoxicillin-clavulanate-induced liver injury. Dig
Dis Sci. 2016. https://doi.org/10.1007/s10620-016-4121-6.
Lucena MI, Molokhia M, Shen Y, Urban TJ, Aithal GP, Andrade
RJ, et al. Susceptibility to amoxicillin-clavulanate-induced liver
injury is influenced by multiple HLA class I and II alleles. Gas-
troenterology. 2011. https://doi.org/10.1053/j.gastro.2011.04.
001.

Kaplowitz N. Idiosyncratic drug hepatotoxicity. Nat Rev Drug
Discov. 2005. https://doi.org/10.1038/nrd1750.

A\ Adis

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

Ging P, Mikulich O, O’Reilly KMA. Unexpected paracetamol
(acetaminophen) hepatotoxicity at standard dosage in two older
patients: time to rethink 1 g four times daily? Age Aging. 2016.
https://doi.org/10.1093/ageing/afw067.

Liukas A, Kuusniemi K, Aantaa R, Virolainen P, Niemi M,
Neuvonen PJ, et al. Pharmacokinetics of intravenous paracetamol
in elderly patients. Clin Pharmacokinet. 201 1. https://doi.org/10.
2165/11537240-000000000-00000.

Divoll M, Abernethy DR, Ameer B, Greenblatt DJ. Acetami-
nophen kinetics in the elderly. Clin Pharmacol Ther. 1982.
https://doi.org/10.1038/clpt.1982.24.

Lewis J. NSAID-induced hepatotoxicity. Clin Liver Dis. 1998.
https://doi.org/10.1016/S1089-3261(05)70026-X.

Banks AT, Zimmerman HJ, Ishak KG, Harter JG. Diclofenac-
associated hepatotoxicity: analysis of 180 cases reported to the
Food and Drug Administration as adverse reactions. Hepatology.
1995;22(3):820-7.

Lépez-Lluch G, Irusta PM, Navas P, de Cabo R. Mitochondrial
biogenesis and healthy aging. Exp Gerontol. 2008. https://doi.
org/10.1016/j.exger.2008.06.014.

Zoubek ME, Lucena MI, Andrade RJ, Stephens C. Systematic
review: ibuprofen-induced liver injury. Aliment Pharmacol Ther.
2020. https://doi.org/10.1111/apt.15645.

Andrade RJ, Medina-Caliz I, Gonzalez-Jimenez A, Garcia-Cor-
tes M, Lucena MI. Hepatic damage by natural remedies. Semin
Liver Dis. 2018. https://doi.org/10.1055/5-0038-1623518.
Chalasani N, Hayashi P, Bonkovsky H, Navarro V, Lee W, Fon-
tana R. ACG Clinical Guideline: the diagnosis and management
of idiosyncratic drug-induced liver injury. Am J Gastroenterol.
2014. https://doi.org/10.1038/ajg.2014.131.

Sood A, Sood R, Brinker FJ, Mann R, Loehrer LL, Wahner-Roe-
dler DL. Potential for interactions between dietary supplements
and prescription medications. Am J Med. 2008. https://doi.org/
10.1016/j.amjmed.2007.11.014.

Hillman L, Gottfried M, Whitsett M, Rakela J, Schilsky M, Lee
W, et al. Clinical features and outcomes of complementary and
alternative medicine induced acute liver failure and injury. Am
J Gastroenterol. 2016. https://doi.org/10.1038/ajg.2016.114.

Li C,Rao T, Chen X, Zou Z, Wei A, Tang J, et al. HLA-B*35:01
allele is a potential biomarker for predicting polygonum multiflo-
rum-induced liver injury in humans. Hepatology. 2019. https://
doi.org/10.1002/hep.30660.

Hoofnagle JH, Bonkovsky HL, Phillips EJ, Li YJ, Ahmad J,
Barnhart H, et al. HLA-B*35:01 and green tea-induced liver
injury. Hepatology. 2021. https://doi.org/10.1002/hep.31538.
Halegoua-DeMarzio D, Navarro V, Ahmad J, Avula B, Barn-
hart H, Barritt AS, et al. Liver injury associated with turmeric-a
growing problem: ten cases from the Drug-Induced Liver Injury
Network [DILIN]. Am J Med. 2023. https://doi.org/10.1016/j.
amjmed.2022.09.026.

Shenoy P, Harugeri A. Elderly patients’ participation in clinical
trials. Perspect Clin Res. 2015. https://doi.org/10.4103/2229-
3485.167099.

U.S. Food and Drug Administration. Guidance for Industry. E7
Studies in Support of Special Populations; Geriatrics; Ques-
tions and Answers. 2012. https://www.fda.gov/regulatory-infor
mation/search-fda-guidance-documents/e7-studies-support-speci
al-populations-geriatrics-questions-and-answers. Accessed 20
Mar 2023.

U.S. Food and Drug Administration. Guidance for Industry.
Study of Drugs Likely to be used in the Elderly. U.S. Food and
Drug Administration. 1989. https://www.fda.gov/regulatory-infor
mation/search-fda-guidance-documents/study-drugs-likely-be-
used-elderly . Accessed 20 Mar 2023.

U.S. Food and Drug Administration. E7 Studies in Sup-
port of Special Populations: Geriatrics. U.S. Food and Drug


https://doi.org/10.1002/hep.1840080327
https://doi.org/10.1164/rccm.2108091
https://doi.org/10.1164/rccm.2108091
https://doi.org/10.1016/j.cgh.2016.05.043
https://doi.org/10.1016/j.cgh.2016.05.043
https://doi.org/10.1007/s00204-022-03419-7
https://doi.org/10.1016/j.jhep.2022.09.010
https://doi.org/10.1016/j.jhep.2022.11.022
https://doi.org/10.1016/j.jhep.2022.11.022
https://doi.org/10.1053/j.gastro.2016.12.016
https://doi.org/10.1016/j.tube.2014.10.006
https://doi.org/10.1016/j.tube.2014.10.006
https://doi.org/10.1164/rccm.200206-626OC
https://doi.org/10.1164/rccm.200206-626OC
https://doi.org/10.1183/09031936.96.09102026
https://doi.org/10.1183/09031936.96.09102026
https://doi.org/10.1097/00008571-199310000-00004
https://doi.org/10.1097/00008571-199310000-00004
https://doi.org/10.1002/cpt.2100
https://doi.org/10.1007/s10620-016-4121-6
https://doi.org/10.1053/j.gastro.2011.04.001
https://doi.org/10.1053/j.gastro.2011.04.001
https://doi.org/10.1038/nrd1750
https://doi.org/10.1093/ageing/afw067
https://doi.org/10.2165/11537240-000000000-00000
https://doi.org/10.2165/11537240-000000000-00000
https://doi.org/10.1038/clpt.1982.24
https://doi.org/10.1016/S1089-3261(05)70026-X
https://doi.org/10.1016/j.exger.2008.06.014
https://doi.org/10.1016/j.exger.2008.06.014
https://doi.org/10.1111/apt.15645
https://doi.org/10.1055/s-0038-1623518
https://doi.org/10.1038/ajg.2014.131
https://doi.org/10.1016/j.amjmed.2007.11.014
https://doi.org/10.1016/j.amjmed.2007.11.014
https://doi.org/10.1038/ajg.2016.114
https://doi.org/10.1002/hep.30660
https://doi.org/10.1002/hep.30660
https://doi.org/10.1002/hep.31538
https://doi.org/10.1016/j.amjmed.2022.09.026
https://doi.org/10.1016/j.amjmed.2022.09.026
https://doi.org/10.4103/2229-3485.167099
https://doi.org/10.4103/2229-3485.167099
https://www.fda.gov/regulatory-information/search-fda-guidance-documents/e7-studies-support-special-populations-geriatrics-questions-and-answers
https://www.fda.gov/regulatory-information/search-fda-guidance-documents/e7-studies-support-special-populations-geriatrics-questions-and-answers
https://www.fda.gov/regulatory-information/search-fda-guidance-documents/e7-studies-support-special-populations-geriatrics-questions-and-answers
https://www.fda.gov/regulatory-information/search-fda-guidance-documents/study-drugs-likely-be-used-elderly
https://www.fda.gov/regulatory-information/search-fda-guidance-documents/study-drugs-likely-be-used-elderly
https://www.fda.gov/regulatory-information/search-fda-guidance-documents/study-drugs-likely-be-used-elderly

Drug-Induced Liver Injury in the Elderly

319

98.

99.

Administration. 1994. https://www.fda.gov/regulatory-infor
mation/search-fda-guidance-documents/e7-studies-support-speci
al-populations-geriatrics. Accessed 1 July 2020.

Singh H, Beaver JA, Kim G, Pazdur R. Enrollment of older adults
on oncology trials: an FDA perspective. J Geriatr Oncol. 2017.
https://doi.org/10.1016/j.jg0.2016.11.001.

Anonymous. Medicines for older people. European Medicines
Agency. 2018. https://www.ema.europa.eu/en/human-regulatory/
research-development/medicines-older-people. Accessed 1 July
2020.

Authors and Affiliations

100.

101.

Steinman MA, Lee SJ, John Boscardin W, Miao Y, Fung KZ,
Moore KL, et al. Patterns of multimorbidity in elderly veterans. J
Am Geriatr Soc. 2012;60(10):1872-80. https://doi.org/10.1111/j.
1532-5415.2012.04158.x.

Nair BR. Evidence based medicine for older people: available,
accessible, acceptable, adaptable? Australas J Ageing. 2002.
https://doi.org/10.1111/j.1741-6612.2002.tb00418.x.

Eric B. Cohen' - Meenal Patwardhan' - Ritu Raheja' - David H. Alpers? - Raul J. Andrade® - Mark I. Avigan® -

James H. Lewis’ - Don C. Rockey® - Francis Chui” - Alexandru M. lacob® - Camila C. Linardi® - Arie Regev'® -
Jesse Shick’ - M Isabel Lucena'"

P4 Eric B. Cohen 6 Digestive Disease Research Center, Medical University

eric.cohen@abbvie.com
Pharmacovigilance and Patient Safety, AbbVie Inc.,
North Chicago, IL, USA

Department of Medicine, Washington University School
of Medicine, St. Louis, MO, USA

Department of Medicine, IBIMA_Plataforma Bionand,
University of Malaga, Malaga, Spain

Food and Drug Administration, Center for Drug Evaluation
and Research, Silver Spring, MD, USA

Division of Gastroenterology, Georgetown University,
Washington, D.C., USA

of South Carolina, Charleston, SC, USA

Pharmacovigilance, Gilead Sciences Inc., Foster City, CA,
USA

Pharmacovigilance and Patient Safety, AbbVie Inc., Ottawa,
ON, Canada

Translational Medicine, Bayer HealthCare Pharmaceuticals
LLC, Whippany, NJ, USA

Global Patient Safety, Eli Lilly and Company, Indianapolis,
IN, USA

Department of Pharmacology and Pediatrics, IBIMA _
Plataforma Bionand, University of Malaga, Malaga, Spain

A\ Adis


https://www.fda.gov/regulatory-information/search-fda-guidance-documents/e7-studies-support-special-populations-geriatrics
https://www.fda.gov/regulatory-information/search-fda-guidance-documents/e7-studies-support-special-populations-geriatrics
https://www.fda.gov/regulatory-information/search-fda-guidance-documents/e7-studies-support-special-populations-geriatrics
https://doi.org/10.1016/j.jgo.2016.11.001
https://www.ema.europa.eu/en/human-regulatory/research-development/medicines-older-people
https://www.ema.europa.eu/en/human-regulatory/research-development/medicines-older-people
https://doi.org/10.1111/j.1532-5415.2012.04158.x
https://doi.org/10.1111/j.1532-5415.2012.04158.x
https://doi.org/10.1111/j.1741-6612.2002.tb00418.x

	Drug-Induced Liver Injury in the Elderly: Consensus Statements and Recommendations from the IQ-DILI Initiative
	Abstract
	1 Introduction
	2 Literature Search and Consensus Working Group
	3 Areas of Research
	3.1 Definition of ‘elderly’
	3.2 Chronological age
	3.3 Biological age
	3.4 Frailty and Frailty Indices

	4 Effects of Aging on Liver Function and DILI Risk
	4.1 Structural and functional changes
	4.2 Biochemical Changes

	5 Epidemiology of DILI in the Elderly
	6 Impact of Polypharmacy and Inappropriate Prescribing in the Elderly
	6.1 Polypharmacy
	6.2 Inappropriate Prescribing in the Elderly

	7 Specific Agents Associated with Increased DILI Incidence in the Elderly
	7.1 Anti-infectives
	7.1.1 7.1.1 Nitrofurantoin (NFT)
	7.1.2 7.2.1 Anti-tuberculosis (TB) Drugs
	7.1.3 7.3.1 AmoxacillinClavulanate (AC)

	7.2 Analgesics
	7.2.1 7.1.2 Paracetamol (Acetaminophen)
	7.2.2 7.2.2 NSAIDs

	7.3 Herbal and Dietary Supplements (HDS)

	8 Current Regulatory Approaches in Clinical Trials 
	8.1 Regulatory Considerations and Guidance
	8.2 Existing Status of Clinical Trials and Proposals for Industry

	9 Discussion
	10 Conclusion
	References




